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Abstract

Transport and chemical transformations of dissolved and colloidal Al, Fe, Cu and Zn were studied by detailed sampling
in the mixing zone downstream from the confluence of Cement Creek (pH 4.1) with the Animas River (pH 7.6). Complete
mixing resulted in circumneutral pH in the downstream reach of the 1300 m study area. All four metals were transported
through this mixing zone without significant losses to the streambed, and they exhibited transformations from dissolved to
colloidal forms to varying degrees during the mixing process. Nearly all of the Al formed colloidal hydrous Al oxides
(HAO) as pH increased (4.8–6.5), whereas colloidal hydrous Fe oxides (HFO) were supplied by Cement Creek as well
as formed in the mixing zone primarily at higher pH (>6.5). The short travel time through the mixing zone (approx.
40 min) and pH limited the formation of HFO from dissolved Fe2+ supplied by Cement Creek. Although the proportions
of HAO and HFO varied as the streams mixed, the colloidal sorbent typically was enriched in HAO relative to HFO by a
factor of 1.5–2.1 (by mole) in the pH range where dissolved-to-colloidal partitioning of Cu and Zn was observed. Model
simulations of sorption by HFO (alone) greatly underestimated the dissolved-to-colloidal partitioning of Zn. Previous
studies have shown that HAO–HFO mixtures can sorb greater amounts of Zn than HFO alone, but the high Zn-to-sorbent
ratio in this mixing zone could also account for greater partitioning. In contrast to Zn, comparisons with model simula-
tions did not show that Cu sorption was greater than that for HFO alone, and also indicated that sorption was possibly
less than what would be expected for a non-interactive mixture of these two sorbents. These field results for Cu, however,
might be influenced by (organic) complexation or other factors in this natural system. Laboratory mixing experiments
using natural source waters (upstream of the confluence) showed that the presence of HFO in the mixed sorbent resulted
in greater Cu partitioning than for HAO alone, and that the effect was greater with increasing (mole fraction) HFO. This
was consistent with field results that showed greater Cu sorption when additional HFO was formed in the downstream
reach of the mixing zone. Further research is needed to identify the significance of surface-related mechanisms specific
to HAO–HFO mixtures that could affect the partitioning of Cu in natural systems.
Published by Elsevier Ltd.
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1. Introduction

The chemistry of acidic, surface-water drainage
from mines and mineral deposits (AMD) changes
or evolves as it travels downstream because of reac-
tions that form insoluble products and mixing with
inflows that dilute concentrations and neutralize the
acid (Chapman et al., 1983; Berger et al., 2000).
During this ‘‘natural attenuation’’ process, Fe and
Al commonly form insoluble hydrous oxides, which
can be initially transported as micron- and smaller-
sized particles (colloids; Ranville and Schmiermund,
1999) before a combination of chemical, physical
and biological processes promote retention by the
streambed. Concentrations of other metals, such
as Cu and Zn, also can be attenuated because of
the sorbent properties of Fe and Al precipitates.
Precipitation and sorption, however, are both pH
dependent, and in the case of Fe, also time depen-
dent. The oxidation of sulfide minerals produces
(soluble) Fe2+, SO4, and acid that in turn dissolves
other minerals (Nordstrom and Alpers, 1999). Abi-
otic oxidation to Fe3+, which forms largely insolu-
ble hydrous oxides over a wide pH range (Fox,
1988), is slow at pH < 4, but increases substantially
at higher pH and when influenced by microorgan-
isms (Singer and Stumm, 1970). Ferric iron can pre-
cipitate at pH < 4, whereas Al precipitates over a
higher pH range (4.5–6.5). Therefore, streams
affected by AMD can lose Fe to the streambed over
time (and distance downstream) while most of the
Al remains dissolved. When the stream is neutral-
ized, the relative abundances of Fe and Al in
the precipitated colloids will depend on supply to the
stream, in-stream oxidation, and retention by
the streambed (e.g., Lee et al., 2002; Dinelli and
Tateo, 2002). Therefore, mixed colloidal sorbents
exhibiting a wide range of Fe and Al composition
can be formed in confluences where streams affected
by AMD are neutralized.

Laboratory studies of Cu and Zn sorption are
typically limited to relatively simple, single-sorbent
systems, and field studies most often involve sor-
bents in the water column or on the streambed that
are enriched in a single sorbent relative to others
(Smith, 1999, and references therein). Even when
mixtures of Fe and Al sorbents occur in field stud-
ies, it is often assumed that the stronger sorbent,
an Fe hydrous oxide (or oxyhydroxysulfate), will
account for most of the sorption. Laboratory stud-
ies of binary Fe–Al sorbent mixtures, however, have
shown that the two sorbents are interactive, and

that effects on sorption properties can vary greatly
among sorbates (Anderson and Benjamin,
1990a,b). For example, sorption of Zn is enhanced
when Fe sorbent is enriched in Al sorbent, whereas
sorption of Ag and Cd is inhibited. Similarly, X-ray
absorption near edge structure spectroscopy has
shown that interactions of ferrihydrite with non-
crystalline Al hydroxide inhibit phosphate sorption
(Khare et al., 2005). In addition to changing other
properties of an Fe sorbent, Al hydrous oxides tend
to coat other sorbent particles, therefore changing
the fundamental nature of the adsorbing surface
(Anderson and Benjamin, 1990a). For example,
the tendency of Al hydroxide to coat SiO2 and
enhance sorption of Cd and Ca has been reported
in laboratory studies (Meng and Letterman, 1993),
and field studies have shown that similar coatings
containing Fe and Al enhance the sorption of Zn
onto aquifer quartz sands (Coston et al., 1995;
Davis et al., 1998). Therefore, the above studies
show that interactions between Al and Fe hydrous
oxides are likely to produce mixtures with sorbent
properties that are not directly additive, as might
be expected for simple mixtures of independent
sorbents.

The main objective of this study is to provide
detailed information on the formation and sorption
properties of an Fe–Al mixed sorbent produced
within a natural stream confluence that is affected
by AMD. Field samples were obtained incremen-
tally across multiple sections of the mixing zone to
cover the wide range of chemical gradients and
resolve changes in the composition of the sorbent
and concentrations of dissolved and colloidal Cu
and Zn as the streams mixed. Effects of chemical
transformations, dilution, dissolved-to-colloidal
partitioning, and sorbate-to-sorbent ratio were
identified and evaluated. Supporting laboratory
experiments were conducted with natural source
waters from the two streams to examine effects of
mixed sorbent composition primarily on the sorp-
tion of Cu. Results from this study were also used
to confirm findings from an earlier study that total
Al, Fe and Zn were transported conservatively
through this confluence (Schemel et al., 2000) and
add new information on Cu transport.

2. Study area

The Silverton caldera, which is located in the
high-elevation San Juan mountains of south-wes-
tern Colorado, was an area of intense mining pri-
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marily for Au and Ag for over a century (Baars,
1992; Yager and Bove, 2002; Fig. 1). Generation
of metal-rich, acidic water comes from oxidation
of abundant sulfides in regionally altered acid-sul-
fate rocks and quartz-serecite-pyrite mineralized
veins from multiple hydrothermal alteration and
mineralization events from about 27 Ma to 10 Ma
before present (Bove et al., 2001; Lipman et al.,
1976). Drainage from numerous inactive mines
and altered bedrock continue to supply dissolved
and colloidal metals to Cement Creek upstream
from the gauging station (Fig. 1; Church et al.,
1997; Kimball et al., 2007). Cement Creek (typically
pH < 4) flows into the Animas River (pH > 7) near
the town of Silverton, creating a mixing zone where
products of chemical (neutralization) reactions are
clearly evident in the water and on the streambed
(Schemel et al., 2000; Schemel and Cox, 2005).

Acidic waters and metals are supplied to the Ani-
mas River upstream of Silverton, but neutralization,
precipitation and streambed-retention processes lar-
gely remove Al and Fe from the riverflow and
reduce concentrations of other metals, such as Cu
and Zn (Paschke et al., 2005). Similarly, in Cement
Creek upstream from the confluence with the Ani-
mas River, these processes reduce the total loads

of Al, Fe, Cu and Zn by about half (Kimball
et al., 2002). Iron is removed to a greater degree
than Al, which is in part due to continuous in-
stream oxidation and the precipitation of Fe3+ in
the acidic streamflow. Similarly, removal of Cu is
greater relative to Zn probably because it sorbs to
Fe and Al precipitates over a lower pH range. Larg-
est losses, however, occur in reaches affected by
inflows from circumneutral streams, where all four
metals are removed (Kimball et al., 2002). By the
time Cement Creek flow is neutralized in the Ani-
mas River confluence, the mixed Al–Fe colloidal
sorbent that is formed is enriched in Al by nearly
a factor of two by mole (Church et al., 1997; Sche-
mel et al., 2000).

Physical and hydrological features of Cement
Creek, the upper Animas River, and the confluence
and downstream mixing zone have been described
by Schemel et al. (2000, 2006) and Schemel and
Cox (2005). Discharges in these streams are highest
in late spring and decline during the summer
months to lowest annual values in late summer
and early fall. During this low-discharge period,
the upper Animas River typically contributes about
3/4 of the total discharge to the confluence (Schemel
et al., 2000). Channel movements in the Animas
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Fig. 1. Map showing Cement Creek and Mineral Creek confluences with the Animas River and locations of discharge gauges near
Silverton, Colorado, and diagram showing details of the study area, including sampling sites and sampling times (in parenthesis). Sites
where multiple stations were sampled across the channel are shown by A, B (2 stations) and A–E (5 stations). Shaded areas on the map
represent surrounding high-elevation mountains of the Silverton caldera.
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River floodplain produce significant year-to-year
changes in the way the two streams mix when flows
are lowest in late summer. In the present study
(1997), more braids distributed flow from the Ani-
mas River over the first 400 m of the (1300 m) mix-
ing zone than during the 1996 study (Schemel and
Cox, 2005). The distribution of inflow in 1997 pro-
duced substantial across-channel gradients in chem-
ical concentrations and more-gradual mixing and
neutralization of the Cement Creek inflow (Schemel
et al., 2006).

3. Methods

The area studied in late summer 1997 included
the upper Animas River and Cement Creek down-
stream from the USGS discharge gauges, the main
river channel where the two streams progressively
mixed, and the downstream reach, where the river
was well mixed upstream from the confluence with
Mineral Creek (Fig. 1). In the following text, the
collective term, mixing zone, refers to all sites down-
stream from the confluence of Cement Creek with
the first braid (site 1178) of the upper Animas River.
Site numbers refer to distance (m) from a reference
point in Cement Creek located 145 m downstream
from the gauge. Detailed information on the sam-
pling strategy, across-channel field measurements,
analytical methods, and the calculation and assign-
ment of mixing ratios to the samples can be found in
Schemel et al. (2006). A brief overview is provided
here.

3.1. Sample collection and processing

Water samples were collected at sites in Cement
Creek and the upper Animas River (source waters)
and at sites located within the mixing zone
(Fig. 1). One or two samples were collected at sites
where the stream appeared to be well mixed. This
included sites in Cement Creek, the upper Animas
River, and the downstream reach of the mixing
zone. Five samples were collected at seven sites
where large across-channel differences in specific
conductance indicated substantial gradients in
chemical composition. The five sampling stations
at each site were located at equal increments of spe-
cific conductance, as determined by measuring val-
ues across the stream with a portable meter. The
purpose of this strategy was to obtain samples with
a wide range of mixing ratios (see below) represen-
tative of the across-channel gradients. An incremen-

tal discharge was estimated for each station using
current velocity and depth measured across the
stream at each site. Discharge values used in calcu-
lations were measured at the sites, obtained from
the gauges on the upper Animas River and Cement
Creek, or estimated by differences between gauge
and site values.

All samples were collected over a 9 h period and
processed within about 2 h of the sampling times
shown in Fig. 1. Each sample was collected with a
vertically integrating sampler using plastic bottles
and nozzles that were pre-cleaned with dilute
HNO3 and rinsed with sample water at each station.
Samples were kept cool and in the dark before pro-
cessing. After shaking briefly, whole (W) samples
were decanted for metal analyses and for specific
conductance and pH, which were measured with
portable meters at the field processing site. The
remainder of each sample was filtered with a tangen-
tial-flow filtration apparatus using 0.45 lm polycar-
bonate membranes (F filtrates) and 10 k Dalton
(approx. 0.001 lm pore size) regenerated cellulose
membranes (U filtrates). The filtration apparatus
was cleaned with dilute HNO3 and rinsed with
18.2 MX deionized water between samples. All sam-
ples for metal analyses were acidified with ultrapure
HNO3 (1% final acid concentration).

3.2. Analytical methods

Whole samples (W) were filtered through
0.45 lm capsule filters after digestion in 1% HNO3

for 1 month or more. In addition, most samples
for metals were diluted with 1% ultrapure HNO3

(by up to a factor of 4 based on their specific con-
ductance values) prior to analysis. This improved
the performance of the analyzer and reduced the
range of the analytical values. W, F and U filtrates
were analyzed for Al, Fe, and Zn using a radial-view
Thermo Jarrel Ash inductively coupled plasma-opti-
cal emission spectrometer (ICP-OES; any use of
trade, product, or firm names is for descriptive pur-
poses only and does not constitute endorsement by
the US Government). Aliquots of W and F filtrates
were archived and subsequently analyzed for Cu on
a more-sensitive ICP-OES instrument with axial-
view capabilities.

Analytical values (not adjusted for dilution fac-
tors) for most samples fell within the following
ranges for Al (0.1–1.2 mg L�1), Fe (0.3–1.7 mg
L�1), Zn (0.2–0.4 mg L�1), and Cu (6–12 lg L�1).
Coefficients of variation (CV; standard deviation

1470 L.E. Schemel et al. / Applied Geochemistry 22 (2007) 1467–1484
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divided by the mean) for analyses of reference stan-
dards during the analytical runs were 0.016 for Al
and Fe, 0.033 for Zn and 0.043 for Cu. The mean
values were within 4% of the most probable values
for Al and Zn, and within 7% for Fe. For Cu, recov-
eries of standard additions were 92% at 5 lg L�1

and greater than 96% for 10 lg L�1 additions over
a 10–50 lg L�1 range. Blanks were typically low
for Al, Fe and Zn, but were greater relative to the
much lower concentrations of Cu. W, F and U fil-
trates were analyzed sequentially to minimize effects
of analytical errors on colloid concentrations, which
were estimated by difference. Typically, small differ-
ences important for assessing partitioning were
reproducible when they were >0.02 mg L�1 for Zn
and >1 lg L�1 for Cu.

Dissolved Fe speciation (Fe2+, Fe3+) was mea-
sured on F filtrates using the colorimetric bipyridine
method, as described by Skougstad et al. (1979).
Reagents were added to the filtrates at the field lab-
oratory and absorbances were measured on a spec-
trophotometer within 2 days.

All chemical concentrations and discharges mea-
sured during the field study are available in a data
supplement (Cox and Schemel, 2007).

3.3. Laboratory experiments

Mixing experiments using source waters from
Cement Creek and the upper Animas River were
used to provide additional information on colloid
formation and metal sorption in the mixing zone.
In general, the experiments were designed to pro-
duce mixtures with different proportions of Al and
Fe hydrous oxides (HAO and HFO, respectively)
over a range of pH, which would allow the relative
importance of these sorbents in the dissolved-to-col-
loidal partitioning of Cu and Zn to be evaluated.
The terms, HAO and HFO, are used in the follow-
ing text with the understanding that both represent
a range of possible compositions and can contain
variable amounts of SO4 (Bigham and Nordstrom,
2000).

Fresh source waters were collected for experi-
ments involving Fe, and these experiments were
conducted at the field-based laboratory. Some
experiments that did not involve Fe used archived
source waters that had been filtered and refrigerated
in the dark. All source waters had been collected
during the late summers of subsequent years, and
there were potentially significant differences between
the chemistries of the source waters used in the

experiments and those in 1997 even though the dis-
charge conditions were comparable. Concentrations
of dissolved Al and Fe are low in the upper Animas
River, and most of the Al and Fe that forms colloi-
dal sorbent is from Cement Creek (Schemel et al.,
2000). In experiments where HAO was the primary
sorbent, Fe2+ in the Cement Creek water was
allowed to oxidize in the dark near pH 4, which
required about 3 days. All of the HFO was then
removed by tangential-flow filtration before mix-
tures were created with (0.45 lm) filtered upper Ani-
mas River water.

Source waters were proportioned by weight to
prepare each bulk sample with a specific mixing
ratio, which in some cases was split into individual
samples (see below). Samples were placed on a
reciprocating shaker for 24 h after mixing. Final
pH was determined at 15 �C, which was near the
water temperature in the mixing zone. For each
sample, a whole sample (W) was decanted and an
aliquot was filtered (F) through a 0.45 lm capsule
filter. W and F samples were acidified (1% HNO3),
and W samples were filtered after digestion for a
few weeks. W and F filtrates were diluted based
on their mixing ratios prior to analysis by ICP-OES.

Although laboratory experiments were per-
formed over ranges of mixing ratios, the results pre-
sented here are limited primarily to 4 sets of 70%
Animas River (AR) mixtures. One sample from
each set was a simple mixture of the source waters,
and additional samples were amended with small
aliquots of HCl to reduce the pH of the mixtures
by about 1 pH unit. The sets were: (1) whole-sample
mixtures of fresh source waters (Whole); (2) mix-
tures where all Fe2+ had been oxidized at low pH
in the Cement Creek water before the source waters
were mixed (Lo-pH Fe); (3) mixtures where HFO
was removed from fresh Cement Creek water before
the source waters were mixed and the remaining
Fe2+ oxidized and formed colloids at high pH (Hi-
pH Fe); and (4) mixtures where all Fe was removed
from Cement Creek water before the source waters
were mixed (Al only).

3.4. Calculations

Values of the mixing ratio, expressed here as the
fraction of water from the upper Animas River
(%AR), were assigned to each sample collected in
mixing zone (n = 44). The assigned mixing ratio
was the median of 7 calculated values based on mass
balances and concentrations of conservative solutes

L.E. Schemel et al. / Applied Geochemistry 22 (2007) 1467–1484 1471
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(Ca, Mg, Na, Si, Sr, Cl, SO4) in the samples,
Cement Creek, and the upper Animas River (Sche-
mel et al., 2006). Although calculated values for
the 7 solutes from each sample were typically com-
parable within analytical uncertainty, the median
value was used to reduce the influence of occasional
outliers.

Mass-flow values (kg d�1) for selected sites were
calculated from concentrations of Al, Fe, Cu and
Zn in the W and F filtrates and measured or esti-
mated discharges (Cox and Schemel, 2007). At the
sites in the mixing zone where discrete samples were
collected at five stations across the stream, total and
dissolved mass-flow values were calculated for each
station and the site values were the sums of the sta-
tion values.

Sorption of Cu and Zn onto HFO was simulated
using the surface complexation approach of Dzom-
bak and Morel (1990) as implemented within
MINTEQA2 (Allison et al., 1991). Prior to per-
forming the simulations, the thermodynamic data-
base of MINTEQA2 was revised to be consistent
with the wateq4f database distributed with PHRE-
EQC (Parkhurst and Appelo, 1999). The mass of
sorbent for each sample was based on the observed
amount of colloidal Fe as determined by differences
between W and F analyses. Sorption parameters
(i.e., specific surface area, sorbent molecular weight,
low affinity site density) were set using the best esti-
mates of Dzombak and Morel (1990). The high
affinity site density was set equal to the upper value
reported by Dzombak and Morel (0.01 moles per
mole) to reflect the high sorptive capacity of freshly
precipitated HFO produced in AMD systems com-
pared to that produced under laboratory conditions
(Runkel et al., 1999; Runkel and Kimball, 2002).
The set of measured chemical concentrations from
each field sample (Cox and Schemel, 2007) was used
in the simulations.

Uses of simulations from the sorption model
were limited to comparisons with the authors’
results in Section 5. An enhanced database for
MINTEQA2 (Paulson, 1996) or a similar model
(Lofts and Tipping, 1998) could have been used to
simulate sorption by both HAO and HFO. These
models assume additive sorption, and typically
show that sorption by HAO is a small fraction of
that for an equivalent amount of HFO. However,
HAO and HFO interact, and an additive model
might not account for the fundamental changes in
surface properties and other factors that control
sorption in mixtures. Instead of using an additive

model, the authors chose to evaluate sorption in
the natural mixtures using the approach of Ander-
son and Benjamin (1990a,b), in which (enhanced
or inhibited) sorption properties of the mixtures
were identified by comparison to sorption by HFO
alone. Since the laboratory procedures could not
prepare natural mixtures with HFO alone, sorption
by HFO was simulated with the MINTEQA2
model, which is often utilized in studies of natural
systems.

4. Results

Field results are presented in the following order
to (1) quantify source waters (end-members) and the
transport of Al, Fe, Cu and Zn through the mixing
zone; (2) show effects of mixing on pH and concen-
trations of dissolved and colloidal metals in the mix-
ing zone, and (3) identify chemical transformations
and the partitioning of metals between dissolved
and colloidal phases. Results from laboratory stud-
ies, which primarily provide additional information
on Cu partitioning, follow the field results.

4.1. Field results

Concentrations of total and dissolved Al, Fe, Cu
and Zn and pH values for the upper Animas River
and Cement Creek and in the downstream reach,
where the river was well mixed (sites 1998-2478;
Fig. 1), are shown in Table 1. Concentrations from
F filtrates were used for the dissolved values because
U filtrates were not available for Cu, and because
results from F filtrates were not greatly different
from U-filtrate values for Al, Fe and Zn in most
cases. Of 53 samples collected in the streams and
the mixing zone, only 7 for Al and 2 for Fe had dif-
ferences between F- and U-filtrate values greater
than 0.1 mg L�1, and only 5 for Zn had differences
greater than 0.02 mg L�1. The median differences
between F- and U-filtrate values were 0.01 mg L�1

or less for Al and Zn, but that for Fe was
0.04 mg L�1 and F-filtrate values for 36 of the Fe
samples were greater than U-filtrate values by
0.02 mg L�1 or more. These differences, however,
represented a small fraction of the total Fe in most
cases (see below).

Although inflow from the Animas River was dis-
tributed among 5 braids over the upper 400 m of the
1300 m mixing zone, ranges in concentrations of Al,
Fe, Cu and Zn among the braids were small in most
cases (Table 1). Total concentrations in the Animas
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River braids were the lowest measured in this study.
Concentrations of total Al, Fe and Cu were sub-
stantially higher in Cement Creek; however, the
concentration difference between the Animas River
and Cement Creek was less than a factor of two
for Zn (Table 1). Concentrations measured at 3
upstream sites in Cement Creek (4 samples) were
within 7% (Al, Cu and Zn) and 10% (Fe, except
for one outlier) of the values at site 1166, even
though samples were collected over 2.5 h (Fig. 1).
Aluminum, Cu and Zn were mostly dissolved in
Cement Creek, whereas only about a half of the
total Fe was dissolved. Ferrous iron accounted for
more than 86% of the dissolved Fe at all four sites
in Cement Creek. Most of the Al and Fe in the Ani-
mas River braids was colloidal, but about 60% of
the Cu was dissolved and Zn was primarily
dissolved.

The difference in pH between (acidic) Cement
Creek and the upper Animas River was 3.5 units
(Table 1). The pH values near 7 in the down-
stream reach indicated that the acidic inflow was
effectively neutralized in the mixture containing
78% Animas River water (dilution of the Cement
Creek inflow by a factor of 4.5). The large change
in pH between Cement Creek and the downstream
reach alone indicated the potential importance of
many chemical reactions involving dissolved and
colloidal metals that were identified previously in
this mixing zone (Schemel et al., 2000). In addi-
tion, visible evidence of chemical reactions in the
mixing zone included opalescence caused by the
formation of colloids in the water column and
colored precipitates on the streambed (Schemel
and Cox, 2005).

Total discharge through the mixing zone was
2.2 m3 s�1 (1.75 m3 s�1 for the upper Animas River
and 0.49 m3 s�1 for Cement Creek), but inflows
from the river and creek both decreased about 7%
over the 9 h sampling period. Mass-flow estimates
for total and dissolved metals were examined over
two reaches of the mixing zone, Reach 1, encom-
passing four sites (1197–1234), and the downstream
reach (three sites: 1998–2478; Fig. 1). Reach 1,
which received inflows from Cement Creek and
two braids of the Animas River, had substantial
gradients in chemical concentrations across the
channel at all four sites (Schemel et al., 2006). Based
on measured inflows, the mean mixing ratio for
Reach 1 was 40%AR. The mass-flow values for total
metals at the sites in Reach 1 were close to the total
inputs from the streams, indicating that total metals
were transported through this reach without signif-
icant losses or gains (Table 2). This was also the case
for dissolved metals, with the exception of Al and to
a much-lesser extent Cu, where lower dissolved
mass-flow values indicated net losses of dissolved
metals due to formation of or partitioning to col-
loids without decreases in total metals. Discharges
to Reach 1 supplied >90% of the total inputs of
Al and Fe to the entire mixing zone, but they
accounted for 76% of the Cu and only 44% of the
Zn. Therefore, the remaining 3 braids of the Animas
River, which contributed 81% of the total inflow
from the upper Animas River, supplied <10% of
Al and Fe, but were significant sources of Cu and
Zn (24% and 56%, respectively).

Discharges from Cement Creek and all 5 braids
of the upper Animas River were well mixed at the
three sites in the downstream reach, which were

Table 1
Concentrations of total and dissolved (0.45 lm filtrate) Al, Fe, Zn and Cu, and pH in the upper Animas River (median and range of 5
braids), Cement Creek (site 1166), and the downstream reach (median and range of sites 1998, 2238, and 2478)

Analyte/fraction Upper Animas River Cement Creek Downstream reach

Median (Range) Site 1166 Median (Range)

Al total (mg L�1) 0.07 (0.06–0.07) 4.94 1.12 (1.11–1.14)
Al dissolved 0.03 (0.03–0.04) 4.68 0.04 (0.03–0.06)

Fe total (mg L�1) 0.27 (0.24–0.33) 6.67 1.70 (1.68–1.75)
Fe Dissolved 0.05 (0.04–0.06) 2.90 0.30 (0.27–0.35)

Zn total (mg L�1) 0.40 (0.40–0.41) 0.65 0.44 (0.44–0.45)
Zn dissolved 0.38 (0.37–0.39) 0.63 0.38 (0.38–0.39)

Cu total (lg L�1) 5.2 (4.2–5.7) 45 14.2 (14.0–14.5)
Cu dissolved 3.1 (3.0–3.3) 42 4.6 (4.6–4.8)

pH 7.55 (7.52–7.61) 4.11 6.99 (all 6.99)

L.E. Schemel et al. / Applied Geochemistry 22 (2007) 1467–1484 1473



Aut
ho

r's
   

pe
rs

on
al

   
co

py

used to assess transport through the entire mixing
zone. Travel time from the confluence of Cement
Creek with the first braid of the Animas River to
the downstream reach was approximately 40 min,
as estimated by the arrival time of the injected tracer
(Schemel et al., 2006). Mass-flow values for the
downstream reach indicated that stream inputs of
total Al, Fe, Cu and Zn were transported through
the mixing zone without significant losses (Table
2). In addition, there was no indication of additional
sources of these metals, such as groundwater inflow.
However, mass-flow estimates for the dissolved met-
als indicated a small but measurable decrease in dis-
solved Zn (av. 14%) and large decreases in dissolved
Al (>95%), Fe (>48%) and Cu (>59%). Estimates
for dissolved Fe based on U filtrates indicated
greater losses ranging from 62% to 74% over the
three sites. However, the mean difference between
the F- and U-filtrate results represented only about
5% of the total Fe mass flow.

In examining results from the mixing zone, plots
using the mixing ratio, %AR, were used because lin-
ear distributions of concentrations indicate conser-
vative transport through the mixing zone, and
distinctly non-linear distributions could indicate
chemical reactivity, losses to the streambed, or addi-
tional sources (Paulson, 1997; Schemel et al., 2006).
Samples collected in the mixing zone using the strat-
egy based on equal increments of specific conduc-
tance across the channel covered a wide range of
%AR, and the results were distributed adequately
over the total range. Over the range of 20–80%AR

each 20% interval contained 10 or more values (total
of 34 samples for the 3 intervals, representing 77%
of the data). Fewer samples (total of 10) were col-
lected at %AR values less than 20% and greater
than 80%. Reactions involving hydrolysis, precipita-
tion, and sorption are more directly related to pH
than the mixing ratio. However, plots using the mix-
ing ratio are perhaps more useful in this particular
case because they clearly show the effects of dilu-
tion. In addition, pH increased in a consistent man-
ner with increasing values of %AR over much of
this mixing zone (Fig. 2). Ranges of pH are specified
where needed to describe relevant processes in the
following text.

Table 2
Cement Creek and upper Animas River inputs of total (Tot.) and dissolved (Dis.) Fe, Al, Zn and Cu, and high (hi.) and low (lo.) mass-flow
values (kg d�1) for sites in two reaches of the mixing zone

Fe Al Zn Cu

Tot. Dis. Tot. Dis. Tot. Dis. Tot. Dis.

Total of inputs upstream of site 1197 292 125 212 200 39 38 2.06 1.87

Reach 1

Range of mass-flows for sites 1197–1234 lo. 275 125 202 132 37 36 1.99 1.64
hi. 302 136 216 149 38 37 2.17 1.86

Range of %Trans. for sites 1197–1234 lo. 95 100 96 66 95 95 97 88
hi. 103 109 102 75 97 97 103 99

Total of inputs upstream of site 1998 325 130 221 204 88 85 2.70 2.26

Downstream Reach

Range of mass flows for sites 1998–2478 lo. 320 51 212 7 83 72 2.68 0.88
hi. 335 67 219 11 86 75 2.77 0.92

Range of %Trans. for sites 1998–2478 lo. 98 39 96 3 94 85 99 39
hi. 103 52 99 5 98 88 103 41

Transport through each reach (%Trans.) is the ratio of the mass-flow value to the total input (·102). Dis. values are based on FA filtrates.

Mixing Ratio (%AR)
0 20 40 60 80 100

pH

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

Fig. 2. Plot of pH verses the mixing ratio (%AR) for samples
collected at sites in the mixing zone.
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Mixing plots showing concentrations of total,
dissolved, and colloidal (by difference) Al and Fe
are shown in Fig. 3. For both Al and Fe, total con-
centrations were linearly distributed relative to
%AR and were located close to (theoretical) conser-
vative mixing lines based on concentrations in the
end members (Table 1). Conservative transport of
both total Al and total Fe indicated by the mixing
plots was consistent with the mass-flow estimates,
which showed negligible losses of these metals
through the study area.

Nearly all of the Al, which was mostly dissolved
in Cement Creek, had been transformed to colloids
in the (well-mixed) downstream reach (Table 2).
Fig. 3 shows details of this transformation, which
was predictable from the increase in pH that accom-
panied the dilution of Cement Creek water by the
Animas River. Nearly all of the dissolved Al parti-
tioned to the colloidal fraction between pH 4.8
and 6.5, which was consistent with the precipitation
of HAO (Nordstrom and Ball, 1986). In addition to

samples from the downstream reach, all samples
with pH > 6.5 had concentrations of dissolved
Al < 0.1 mg L�1 regardless of location in the mixing
zone.

Ferrous iron averaged 97% of the dissolved Fe
and accounted for 40–50% of the total Fe in samples
with mixing ratios less that about 65%AR, which
corresponded to a sample pH of about 6.5
(Fig. 4). Colloidal Fe was a significantly higher frac-
tion (70–95%) of the total Fe in the downstream
reach and in other samples where pH and %AR val-
ues were higher. Therefore, oxidation of dissolved
Fe2+ and precipitation of colloidal HFO was most
evident at pH values that were higher than the pH
range (4.8–6.5) where most HAO was formed. The
relative (mole fraction) abundances of HAO and
HFO varied over the range of the mixing ratio
and pH (Fig. 5). Some HFO was supplied directly
to the mixing zone by Cement Creek, but HAO
became equally abundant (by mole) as it precipi-
tated in the 5.0–5.5 pH range. Continued precipita-
tion of HAO made it more abundant than HFO by
about a factor of two in the 5.5–6.5 pH range, but
increased oxidation and precipitation of Fe at
higher pH reduced the difference.

Zinc concentrations in the mixing zone were
more than a factor of 10 greater than Cu concentra-
tions (Fig. 6). Dilution of Cement Creek by the
upper Animas River had a large effect on Cu con-
centrations, but the effect of mixing on Zn concen-
trations was much smaller. Concentrations of total
Zn and Cu clustered about their respective conser-
vative mixing lines, indicating that losses through
the mixing zone were relatively small, as also shown
by the mass-flow estimates (Fig. 6; Table 2). Forma-
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Fig. 3. Total, dissolved and colloidal Al (a) and Fe (b) verses the
mixing ratio (%AR) for samples collected at sites in the mixing
zone.
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tion of colloidal Zn was significant only at pH > 6.5,
which was predominantly in the downstream reach
of the mixing zone, where colloidal Zn averaged
14% of the total Zn. In contrast, colloidal Cu was
clearly detectable above pH 5 and reached a maxi-

mum fraction of the total Cu (60–70%) near pH 7.
Even though a small fraction of the total Zn was
colloidal, there was typically more colloidal Zn than
colloidal Cu (by mole) at circumneutral pH in the
downstream reach (see below).

4.2. Laboratory results

Mixing experiments with varying fractions
(%AR) of source waters produced general patterns
of dissolved-to-colloidal partitioning similar to
those exhibited by the field samples (results not
shown). Like the field samples, these experiments
showed effects of pH-dependent reactions as well
as effects of the dilution of HFO and HAO sorbents
and Cu and Zn sorbates. Consequently, it was diffi-
cult to isolate the effects of any one factor, such as
the increase in pH. In these experiments, Fe2+ in
the Cement Creek source water was allowed to oxi-
dize and form HFO, and then the sample was split
into two sets. For one set of mixtures HFO was
removed by filtration, and only HAO was formed
when mixed with upper Animas River source water.
Both HFO and HAO were produced in the other
(unfiltered) set. The fraction (%) of the total Cu that
was colloidal (%Col.Cu) increased with pH in both
sets of mixtures; however %Col.Cu values were
greater for mixtures containing both HFO and
HAO. For example, the set containing both sor-
bents reached the 50%Cu (sorbed) level at a pH
about 0.5 unit lower than the set with only HAO.
A small fraction of the total Zn (<10%) was colloi-
dal in these mixing experiments and in the experi-
ments described below, and the analytical
precision was not sufficient to distinguish differences
between the different sorbent mixtures.

Experiments with a single mixture, 70%AR, were
conducted to identify differences in Cu partitioning
relative to sorbent composition without the addi-
tional effects of dilution. Four sets of samples were
prepared as described in Methods (Whole, lo.-pH
Fe, hi.-pH Fe, Al only). Differences in the composi-
tions of the samples resulted from variability in
source waters, sample preparation, and final pH.
Final pH values ranged from 7.12 to 7.26 for una-
mended samples of the 4 sets, whereas the pH values
of samples amended with small amounts of HCl
were lower by as much as 1 pH unit (Table 3). Most
of the Al and Fe was colloidal (HAO, HFO) in sam-
ples with pH > 7, whereas as much as a third of the
total Al and Fe remained dissolved in the samples
near pH 6.3. The range in total Cu among the sam-
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Fig. 5. Colloidal Al and Fe mole fractions of the total colloids
verses pH for samples collected at sites in the mixing zone.
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ples was 15% of the mean value, which was small
compared to the ranges for HAO (27% of the mean)
and HFO (69% of the mean for the 6 samples con-
taining HFO). HAO was more concentrated than
HFO in all of the samples, and differences among
the samples produced a range of the HFO mole
fraction (of the total HAO plus HFO) from 0 to
0.431 (Table 3).

Data from the experiments are summarized in
Fig. 7, in which colloidal Cu is shown as the fraction
(%Col.) of the total Cu. Final pH values for samples

that contained HAO alone (0 Fe mole fraction)
show that a pH increase of one unit produced an
increase in the %Col.Cu by a factor of two, while
the corresponding increase in HAO was only 17%
(Table 3). For samples that contained both HAO
and HFO, %Col.Cu increased with the increase in
Fe mole fraction and Cu sorption was significantly
greater over the higher pH range. This trend was
also indicated by field samples collected in Reach
1 (pH 6.3–6.4) and the downstream reach (pH
7.0), which showed greater values of %Col.Cu at
the higher Fe mole fraction and pH in the down-
stream reach (Fig. 7). Experimental results in
Fig. 7 also indicate that Cu sorption with HFO in
the mixtures was not much greater than that for
HAO alone when the mole fraction of HFO was
low. Data in Table 3 indicated that the presence
of HFO with HAO resulted in greater partitioning
of Cu (per mole relative to HAO alone) by a factor
of 1.3–2.1 near pH 6.3, but the additional partition-
ing of Cu per mole of HFO was about the same as
that for HAO in the higher pH range.

5. Discussion

This section begins with a comparison of field
results from this study with those made during the
previous study. Next, variability in the mixed sor-
bent composition and the relative effects of dilution
on concentrations are discussed. Finally, field and

Table 3
Concentrations of colloidal (Col.) Al, Fe and Cu and total (Tot.) Cu, and the mole fraction of Col. Fe to total Col

Sample set Col. Al Col. Fe Mole Fraction Col. Cu Tot. Cu
Final pH (mg L�1) (mg L�1) Col. Fe:Col.Al+Fe (lg L�1) (lg L�1)

Lo-pH Fe

6.31 1.37 2.14 0.431 13.9 34.6
7.24 1.65 2.17 0.389 22.6 34.9

Whole

6.37 1.39 1.52 0.346 10.7 35.3
7.13 1.66 1.89 0.355 21.1 34.8

Hi-pH Fe

6.32 1.45 1.00 0.250 8.4 36.6
7.12 1.81 1.48 0.283 19.0 36.3

Al only

6.32 1.51 0 0 5.9 32.2
6.39 1.56 0 0 7.1 32.5
6.57 1.63 0 0 9.2 31.2
6.58 1.58 0 0 8.3 31.5
6.95 1.70 0 0 12.2 31.5
7.26 1.77 0 0 16.1 30.4

Al + Fe in samples from the laboratory experiments with 70%AR mixes.
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laboratory observations are combined with MINT-
EQA2 model simulations of sorption. Sorption of
Zn is considered first because previous laboratory
studies have described Zn sorption by HAO–HFO
mixtures (Anderson and Benjamin, 1990a,b).

5.1. Comparison of results from the 1996 and 1997

studies

Field results from 1997 confirmed observations
made during the 1996 study (Schemel et al., 2000)
and provided additional detail on the formation of
colloids and new data on Cu partitioning and trans-
port. Total discharge through the mixing zone and
total concentrations of Al, Fe and Zn in the upper
Animas River and Al and Fe in Cement Creek were
similar between the two years, but total Zn was less
concentrated in Cement Creek in 1997. Conse-
quently, mass flows through the mixing zone were
nearly the same in both years for Al and Fe, and
the range of values in 1997 was 9–14% lower for
Zn. Total and dissolved Cu were not measured in
1996, but the estimated mass flow through the mix-
ing zone for colloidal Cu in 1996 (1.8 kg d�1) was
within the range of values in 1997.

Although some precipitate was visible on the
streambed in both years (Schemel and Cox, 2005),
mass flows of total Al, Fe and Zn through the mix-
ing zone were not significantly lower than the com-
bined inputs from Cement Creek and the upper
Animas River during both studies. This was also
the case for total Cu in 1997. Consequently, interac-
tions with or losses to the streambed were not as
important for these metals as dilution and chemical
transformations in the water column as they were
transported through the mixing zone. Furthermore,
these results suggest that dissolved-to-colloidal par-
titioning of Cu and Zn should primarily involve
HAO and HFO in the water column. Discharge lev-
els and channel geometry indicated minimal contact
time with the streambed in most of the mixing zone
(Schemel et al., 2006), and newly formed suspended
colloids might be more effective sorbents than older,
more-crystalline precipitates accumulated on the
streambed (Hrncir and McKnight, 1998; Smith
et al., 1998).

5.2. Chemical transformations and dilution

HAO was produced in the mixing zone, but HFO
was both supplied by Cement Creek and formed by
oxidation of Fe2+ (and precipitation of Fe3+) in the

mixing zone. HFO from Cement Creek accounted
for a large fraction (72%) of the total HFO in the
downstream reach because only about half of the
dissolved Fe2+ load had oxidized during transport
through the mixing zone. Samples collected in the
downstream reach were not filtered on site. Instead,
they were processed within 2 h after collection,
which was longer than the travel time through the
entire mixing zone (approx. 40 min). Processing
time allowed for further oxidation, which suggests
that the HFO supplied by Cement Creek was an
even greater fraction of the total in the downstream
reach. HFO supplied by Cement Creek and that
newly formed in the mixing zone could have differ-
ent compositions and properties. Precipitation in
the low-pH, high-SO4 waters of Cement Creek
would form minerals that contain more SO4 com-
pared to hydrolysis products formed under condi-
tions in the downstream reach (Bigham et al.,
1996). In addition, HFO from Cement Creek was
probably a mixture of colloids formed in the stream-
flow and particles resuspended from the streambed,
which could be larger and more crystalline depend-
ing on their age. HFO from Cement Creek would
likely become coated as HAO precipitated in the
mixing zone. The formation of new HFO in the mix-
ing zone, however, was significant only at pH > 6.5,
which is higher than the range where HAO was
formed. Although laboratory studies indicate that
this newly formed HFO would also become coated
with HAO over time (Anderson and Benjamin,
1990a), it is not known to what extent HAO affected
the properties of HFO produced within the mixing
zone.

Competition between two processes, the oxida-
tion of Fe2+ and the photoreduction of dissolved
Fe3+ and newly formed HFO, also could influence
the composition of the mixed sorbent in the mixing
zone. In general, photoreduction is most significant
in acidic waters, and oxidation is more important
than photoreduction at circumneutral pH
(McKnight et al., 2001; Gammons et al., 2005). Con-
sequently, conditions in the downstream reach favor
the net production of HFO, as was observed.

In addition to neutralization and chemical trans-
formations, dilution was an important factor influ-
encing concentrations of the mixed HAO–HFO
sorbent and therefore the dissolved-colloidal parti-
tioning of Cu and Zn. Nearly all of the Al and Fe
was supplied by Cement Creek, and mixing with
Animas River water lowered concentrations of the
colloids available to sorb metals particularly in the
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downstream reach (dilution factor of 4.5). Although
concentrations of Cu were also substantially
diluted, decreases in Zn concentrations were mini-
mal because of the much smaller difference between
the two streams. As a result, Zn maintained high
concentrations throughout the mixing zone while
dilution lowered concentrations of the mixed sor-
bent and increased the ratio of sorbate to sorbent
(see below). Although laboratory neutralization of
AMD-affected streamflow is commonly used to
identify relevant processes and products that can
be formed (e.g., Munk et al., 2002; Lee et al.,
2002; Jönsson et al., 2006), the present results show
that effects of dilution cannot be ignored in studies
of natural confluences where concentrations of sor-
bents or sorbates can be greatly affected.

5.3. Dissolved-colloidal partitioning of Zn and Cu

Zinc and Cu can be sorbed by both HAO and
HFO. Copper is sorbed at a lower pH than Zn by
both sorbents, and equivalent sorption of each
metal occurs at a lower pH with HFO compared
to HAO (Kinniburgh et al., 1976). HFO is typically
the stronger sorbent for cations. This has been
shown for Zn in laboratory studies of sorption by
synthetic HAO and HFO, both independently and
with mixtures of these two sorbents (Anderson
and Benjamin, 1990a). In the present laboratory
experiments with natural source waters, the experi-
mental methods could produce Cement Creek-Ani-
mas River mixtures with HAO alone and with
both HAO and HFO, but could not produce sam-
ples with only natural HFO. Consequently, the
MINTEQA2 model was utilized to simulate (pre-
dict) sorption of Zn and Cu by HFO alone for com-
parisons between laboratory and field results in the
following discussion. Relative to the results, it was
expected that the model predictions would be lower
if the presence of HAO contributed to additional
sorption, whereas model predictions would be
higher if the presence of HAO inhibited sorption
by HFO.

As mentioned above, the upper value suggested
for high-affinity site density was used in the simula-
tions to account for enhanced sorption properties of
naturally formed HFO in the simulations (0.01
verses the ‘‘best estimate’’ value, 0.005 moles per
mole). Increasing the surface complexation con-
stants is an alternative approach proposed recently
in other studies of AMD systems with high SO4

(Swedlund and Webster, 2001) or high sorbate-to-

sorbent ratios (Tonkin, 2002; Balistrieri et al.,
2003). The effects of increasing the high-affinity site
density and using an alternative set of constants
(Tonkin, 2002) were evaluated (relative to using
‘‘best estimate’’ values) for 4 test samples with pH
ranging from 5.22 to 6.85. For Cu, the effect of
increasing high-affinity site density was nearly iden-
tical to the effect of increasing the constants over the
pH range of 5.87 (39% increase) to 6.85 (<4%
increase). Differences were greater at pH 5.22, where
increasing the high-affinity site density resulted in a
71% increase and increasing the constants increased
sorption by a factor of two. Results for Zn showed
that increasing the high-affinity site density
increased sorption by nearly a factor of two in the
pH range of 5.22–6.31, but differences were smaller
at pH 6.85 (43% increase). In contrast, increasing
the constants resulted in increased sorption of Zn
by factors of 3–5 over the entire pH range, with
the greatest increases occurring at the highest pH.
These tests suggest that the model used below (with
the upper value for high-affinity site density) should
yield results similar to a model using increased con-
stants above pH 5.87 for Cu, but that increased con-
stants produce much greater sorption than the
model used in this study for Zn over the entire pH
range.

Laboratory and modeling studies by Anderson
and Benjamin (1990a,b) have shown that interac-
tions of HFO and HAO in binary mixtures enhance
the sorption of Zn and that sorption increases as the
proportion of HAO to HFO increases. Although
they identified many factors that might have con-
tributed to this effect, their results were consistent
with the formation of an HAO coating on the
HFO. In addition to a significant change in the sur-
face properties of the HFO, the HAO reduced the
sizes of HFO particles and increased the surface
area of the mixed sorbent. This included the disag-
gregation of previously formed HFO particles. In
addition to contributing to enhanced sorption of
Zn, the reduction in particle size could have impor-
tant implications for the HFO that formed in
Cement Creek and then moved through the mixing
zone. If HAO–HFO interactions reduced particle
sizes or limited aggregation, this could, in part, con-
tribute to the minimal losses of total Al and Fe to
the streambed in the mixing zone.

Field values for (%) colloidal Zn were generally 2–
4 times greater than model predictions in the 5.5–7.0
pH range (Fig. 8), which might be more than
expected from the enhanced sorptive properties of
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the mixed sorbent (Anderson and Benjamin, 1990a).
However, the methods used in this study were reli-
able for measuring colloidal Zn only at concentra-
tions greater than about 20 lg L�1, which
corresponds to the pH > 6.5 range where additional
HFO was being formed. Concentrations of total Zn
were high relative to concentrations of the colloids in
this high pH range (mole ratio of total sorbate:sor-
bent of 0.27 for HFO and 0.17 for HAO in the down-
stream reach). There are several reasons why greater
colloidal Zn concentrations might be expected than
would be predicted by the model at such high sor-
bate:sorbent ratios. Tonkin (2002) has suggested
that high ratios require the use of increased values
for surface complexation constants used by the
model. However, simulations using the increased
constants for samples from the mixing zone with
pH > 6.5 predicted colloidal Zn concentrations that
were even greater than those observed by an average
of 74%.

Sorption of Zn might be enhanced by many fac-
tors in this mixing zone, and processes such as

coprecipitation with HFO as it is forming or surface
precipitation also should be considered. Crawford
et al. (1993) found that preformed HFO sorbed an
equivalent amount of Zn compared to HFO formed
in the presence of Zn, indicating that simple copre-
cipitation was not a likely process. However, X-ray
adsorption extended fine structure spectroscopy
(EXAFS) has provided more-detailed information
on the speciation of sorbed Zn. Characterization
of Zn sorbed by ferrihydrite over a range of Zn con-
centrations showed that the formation of Zn
hydroxide polymers was enhanced on the HFO sur-
face at high sorbate:sorbent ratios (>0.2; Waych-
unas et al., 2002). In addition, a possible
contribution by HAO was suggested by an EXAFS
study in which Zn–Al hydroxide coprecipitates
formed on colloidal Al (Trainor et al., 2000).
Although mixtures of HAO and HFO can exhibit
properties that are different from the individual
components, surface polymers or Zn–Al coprecipi-
tates that can form at high sorbate:sorbent ratios
could help explain why the amounts of colloidal
Zn in the field samples exceeded predictions from
the model.

A greater fraction of the total Cu was colloidal
compared to Zn (Fig. 8), as might be expected from
their total concentrations and because Cu sorbs
onto both HFO and HAO at lower pH than Zn.
Lower total Cu concentrations also resulted in
lower Cu sorbate:sorbent ratios (e.g., 0.009 for
HFO and 0.005 for HAO in the downstream reach).
At these levels, the increased constants proposed by
Tonkin (2002) might not be appropriate, although
tests suggested that there would be relatively small
differences in predictions compared to the model
used in this study. Predictions of Cu sorption were
similar to observed (%) colloidal Cu values over
the 5.0–5.3 pH range (Fig. 8), where field values
were sufficiently large relative to analytical uncer-
tainty and HFO averaged 50% of the total colloids
(Fig. 5). However, model predictions were consis-
tently higher than the field results (47% average)
over the 5.6–6.8 pH range (Fig. 8), where HAO
was enriched in most samples by a factor of two
(Fig. 5). Most predictions for these samples
decreased to within ±25% of the field values when
the high-affinity site density was reduced to
0.005 moles per mole, which could indicate that nat-
urally formed HFO in the HAO-rich mixture was
not as strong a sorbent as would be expected. The
value for high-affinity site density did not have a
large effect on predictions for samples in the 6.8–
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field samples and predicted values from the MINTEQ2A model
verses pH.
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7.0 range, where most values were within ±25% of
the field results regardless of the site-density value.
Although mixtures in this pH range were still
HAO-rich, formation of new HFO reduced the dif-
ference compared to the 5.6–6.8 pH range (Fig. 5).
Perhaps the most important conclusion from these
model and field results is that the sorption of Cu
by the HAO-rich mixture did not appear to be
greater than was expected for HFO alone, and there
are indications that it might be less.

Model simulations with data from the experi-
ments containing both HAO and HFO (Table 3)
also over predicted concentrations of colloidal Cu.
Experimental results were 47–57% of the model pre-
dictions in the 6.3–6.4 pH range, which were in gen-
eral agreement with results from the field study. The
laboratory experiments showed that HAO alone
could sorb a substantial fraction of the Cu, but that
sorption was even greater as the mole fraction of
HFO increased. However, the results also indicated
that additional HFO did not produce substantial
sorption over HAO alone when the mole fraction
of HFO was low (Fig. 7). This was particularly evi-
dent in the data from the 6.3–6.4 pH range, where
only a small increase in sorbed Cu was observed
when the HFO mole fraction increased from 0 to
0.25, and the effect of increasing HFO appeared
greatest at the highest mole fraction. These observa-
tions from the experiments were generally consistent
with the model and field results, in that Cu sorption
was closest to expected values in the downstream
reach, where new HFO had increased the HFO
mole fraction (pH > 6.8).

Although interaction of HAO and HFO and
changes in their fundamental properties when mixed
could be affecting the sorption of Cu and Zn, other
factors possibly contribute to differences between
field results and model predictions in this chemically
complex natural system. The model assumed that all
of the HFO was newly formed, which could lead to
overestimates if the HFO from Cement Creek con-
tained a substantial fraction of older and more crys-
talline particles. However, HFO formed in Cement
Creek is more likely to contain SO4 than HFO
formed at higher pH in the mixing zone, and
Cement Creek is also a large source of SO4 to the
mixing zone (Schemel et al., 2000, 2006; Kimball
et al., 2002). Sorption of Cu and Zn onto HFO
can be enhanced by dissolved SO4 or SO4 within
the mineral structure (Ali and Dzombak, 1996;
Webster et al., 1998; Swedlund and Webster,
2001). Significant effects of SO4, however, are lim-

ited to low pH and low sorbate:sorbent ratios (gen-
erally <0.005; Swedlund and Webster, 2001).
Consequently, the presence of SO4 or SO4-rich
HFO might not be expected to be dominant factors
affecting sorption of Cu or Zn in this mixing zone.
Likewise, SO4 can be associated with HAO (Nord-
strom, 1982) or the sorbent mixture formed in the
mixing zone, but its influence on sorption of Cu
and Zn also might not be significant at high pH.

In general, streams that drain the Silverton cal-
dera have low concentrations of dissolved organic
C (DOC), although it is expected that some organic
matter is also associated with particles. The authors’
unpublished measurements indicate that concentra-
tions of DOC in the mixing zone were probably in
the range of 0.2–0.6 mg L�1, which is comparable
to measurements in the river downstream. Copper
can form strong complexes with organic ligands
present in natural DOC. In general, organic com-
plexation enhances the sorption of Cu to both
HAO and HFO at low pH, but can reduce sorption
at circumneutral pH by the formation of soluble
complexes (Davis and Leckie, 1978; Davis, 1984).
Although laboratory and field studies have shown
that Zn sorption onto HAO and HFO can be
enhanced by fulvic acid, formation of soluble com-
plexes at high pH appears to be less important than
for Cu (McKnight et al., 1992; Düker et al., 1995;
Zuyi et al., 2000). About 60% of the total Cu was
dissolved in the upper Animas River (pH 7.6) and
possibly complexed by organic and inorganic
ligands (Sunda and Hanson, 1979). Calculations
using the Windermere Humic Aqueous Model
(WHAM; Tipping, 1994; Lofts and Tipping, 1998)
estimated that about a half of the total Cu could
be complexed if most of the DOC (0.4 mg L�1)
was fulvic acid. A similar WHAM calculation for
the downstream reach, where the Animas River sup-
plied 41% of the total Cu, showed that 0.4 mg L�1

DOC could reduce colloidal Cu concentrations by
about 25%.

In contrast to the results from this study with
HAO-rich sorbent, Cu sorption has been underesti-
mated by models in many studies involving both
HFO alone and HFO-rich mixed sorbents (e.g.,
Runkel et al., 1999; Karthikeyan and Elliott, 1999;
Tonkin et al., 2002; Balistrieri et al., 2003). Surface
precipitation can substantially increase partitioning
of Cu to both HAO and HFO at circumneutral
pH, but this probably was not significant at the
low sorbate:sorbent ratios in the downstream reach
(Karthikeyan et al., 1999; Karthikeyan and Elliott,
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1999). In general, HFO is a stronger sorbent than
HAO for Cu at low sorbent:sorbate ratios, particu-
larly when the HFO is being formed in solution with
Cu (Karthikeyan et al., 1997, 1999). The field results
and model estimates for Cu sorption showed the
best agreement (within 25%) and the greatest (%)
Cu sorption at pH > 6.8 (e.g., the downstream
reach), where HFO was being formed and might
not have been affected by colloidal HAO that had
formed at lower pH. Therefore, it appears likely
that the formation of new HFO at circumneutral
pH was a primary factor contributing to greater
Cu sorption in the downstream reach.

6. Conclusions

In this study, detailed sampling within the mixing
zone identified chemical transformations associated
with the neutralization and dilution of inflow from a
metal-enriched creek by a circumneutral river. Sig-
nificant observations that could apply in studies of
similar natural confluences are summarized below:

1. In addition to differences in the effects of dilution
on total concentrations, all four metals showed
different degrees of chemical transformation
from dissolved to colloidal form. Formation of,
or partitioning to, colloids was greatest for Al
and least for Zn.

2. The increase in pH as the acidic inflow was neu-
tralized was a major factor affecting the forma-
tion of HAO and HFO and, in turn, the
composition of the mixed sorbent. HFO was sup-
plied to the mixing zone, but the HAO that
formed as pH increased from 4.8 to 6.5 produced
a mixed sorbent that was enriched in HAO by a
factor of two. When pH exceeded 6.5, oxidation
of Fe2+ formed new HFO and reduced this
difference.

3. The partitioning of Cu and Zn to the colloids was
also pH dependent. Copper partitioning was evi-
dent at a much lower pH than that for Zn, but
both metals exhibited greatest partitioning at cir-
cumneutral pH, coinciding with the formation of
new HFO. The fraction of the total concentra-
tion that was colloidal at circumneutral pH was
greater for Cu, but more moles of Zn were colloi-
dal due to its higher concentration.

4. Laboratory studies have investigated the sorp-
tion properties of HAO–HFO mixed sorbents
(compared to HFO alone) for Zn. Although the
present comparisons of field and model results

support (previously shown) greater Zn sorption
in the HAO–HFO mixtures, the high sorbate-
to-sorbent ratio in this natural system indicated
the potential importance of additional, surface-
related processes.

5. Comparisons of field and model results for Cu
indicated that the natural mixed sorbent did not
produce more sorption than would be expected
for HFO alone, but this might be a result of a
combination of factors in this natural system
rather than directly related to properties of the
mixed sorbent.

Experimental studies, such as those conducted
with Zn by Anderson and Benjamin (1990a), that
also employ EXAFS or similar techniques (Waych-
unas et al., 2002; Trainor et al., 2000), could clarify
the effects of HAO–HFO mixtures on Cu sorption.
Other aspects of mixed-sorbent formation and
changes in physical and chemical properties might
be worth additional investigation, including effects
on particle size.
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